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In Brief
The kidney has a capacity to regenerate
following acute kidney injury, but factors
that govern regeneration are still
unknown. Kang et al. identified Sox9 as a
segment-specific progenitor cell marker
in the regenerating kidney. Sox9-
expressing cells proliferate and become
the proximal tubule, distal tubule, and
loop of Henle.
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The kidney has a tremendous capacity to regenerate
following injury, but factors that govern this response
are still largely unknown. We isolated cells from
mouse kidneys with high proliferative and multi-line-
age differentiation capacity. These cells expressed
a high level of Sox9. In regenerating kidneys, Sox9
expression was induced early, and 89% of prolifer-
ating cells were Sox9 positive. In vitro, Sox9-positive
cells showed unlimited proliferation and multi-
lineage differentiation capacity. Using an inducible
Sox9 Cre line and lineage-tagging methods, we
show that Sox9-positive cells can generate new
daughter cells, contributing to the regeneration of
proximal tubule, loop of Henle, and distal tubule seg-
ments but not to collecting duct and glomerular cells.
Furthermore, inducible deletion of Sox9 resulted in
reduced epithelial proliferation, more severe injury,
and fibrosis development. In summary, we demon-
strate that, in the kidney, Sox9-positive cells show
progenitor-like properties in vitro and contribute to
epithelial regeneration following injury in vivo.
INTRODUCTION
Stem cells are defined as having the capacity for self-renewal
and for giving rise to differentiated descendants. Stem cells
are usually housed in a microenvironment called a niche, where
stem cell survival, self-renewal, and differentiation are regulated
(Bryder et al., 2006; Caplan, 1991). Stem cells are dormant until
they are activated to generate new daughter cells to maintain
organ and tissue integrity at baseline and following injury.
Rapidly renewing organs—for example, the skin, intestine, and
hematopoietic system—house a well-defined stem cell popula-
tion (Barker et al., 2007; Blanpain and Fuchs, 2006; Mendelson
and Frenette, 2014).
Several methods have been developed to identify stem cells.
Clonogenicity and multi-lineage differentiation capacity in vitro
have been widely used and are considered classic methods to
determine stemness. These methods have helped to identify
stem cells in various organs, including bone marrow, adipose,Cskin, and liver (Angelotti et al., 2012; Arrigoni et al., 2009; Nishi-
kawa-Torikai et al., 2011; Pittenger et al., 1999; Suzuki et al.,
2008). As stem cells rarely divide, the long-term label retention
assay is another method frequently used to identify stem cells
in vivo (Bruno et al., 2009; Maeshima et al., 2003).
Sex-determining region Y box (Sox) is a family of transcription
factors that are involved inorgandevelopment (Chaboissier et al.,
2004; Stolt et al., 2003; Vidal et al., 2005), including development
of the kidney. Sox9 was found to be expressed in the tip of the
ureteric bud, starting at an early stage (embryonic day [E]11) of
renal development. In mice, combined deletion of Sox8 and
Sox9 results in severe renal hypoplasia. Sox8 and Sox9 are
required for the activation of Ret effector genes. Sox9 is also
required to maintain the ureteric tip identity, as Sox9 ablation
causes ectopic nephron formation (Reginensi et al., 2011).
Recent discoveries indicate that, in some tissues, Sox9 can label
a stem or progenitor population. For example, in the liver,
pancreas, lung, and intestine, Sox9-positive cells can generate
new daughter cells and differentiate into functional cells in
damaged organs (Antoniou et al., 2009; Reginensi et al., 2011;
Seymour et al., 2007; Turcatel et al., 2013; Vidal et al., 2005).
The existence and identity of renal stem cells have long been
debated. Cell turnover rate is calculated to be slow in the adult
mammalian kidney. On the other hand, acute tubular injury
results in massive tubule epithelial cell death, followed by a
significant regenerative response characterized by cell prolif-
eration. Using long-term label retention assays, a low-cycling
cell population that was able to divide rapidly to repair the tran-
sient renal ischemia-induced damage was found in the papillary
region. These cells were able to incorporate into other renal tis-
sues, form spheres in 3D cultures, and exhibit multi-potency
(Oliver et al., 2009).Usingmarkerexpression,Romagnani andcol-
leagues identified a CD133+/CD24+ cell population in the kidney
with stem/progenitor properties thatwere able to differentiate into
multiple lineages (Angelotti et al., 2012; Sagrinati et al., 2006).
Recently, lineage tagging has gained significant popularity as a
tool for monitoring the origin of cells, including stem cells. This
method relies on amousemodel expressing theCre recombinase
drivenbya specificpromoter andfloxed reporterallelewhere a re-
porter gene (often a fluorescent protein) is expressed. Cells can
also be marked in a temporal manner using tamoxifen-inducible
Cre animals (CreER). In these animals, the recombination is
limited to a single time point, eliminating the possibility that
recombination occurs due to re-expression of the marker.ell Reports 14, 861–871, February 2, 2016 ª2016 The Authors 861
AB
C
D
E F
G
H
I
Figure 1. Isolation of Cells with Progenitor Properties from Mouse Kidneys
(A) Schematic diagram detailing isolation of cells with high proliferative capacity and clonogenicity from mouse kidneys.
(B) Morphology of tubular epithelial cells during ex vivo expansion.
(C) Cumulative doubling numbers for six different cell lines throughout in vitro expansion.
(D) Relative mRNA levels of progenitor cell markers in whole kidneys and cultured tubule epithelial cells (Lgr4, leucine-rich repeat containing G protein-coupled
receptor 4; Lgr5, leucine-rich repeat containing G protein-coupled receptor 5; Pax2, paired box 2; Pax8, paired box 8; Wt1, Wilms tumors 1).
(E) Relative transcript levels of mesenchymal stem cell markers (Scf, stem cell factor).
(F) Mouse model used to follow progeny of Sox9-positive cells.
(G) Representative images of kidney sections of non-inducible Sox9IRESCre-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP) mice on day 0 and day 42 after birth.
(legend continued on next page)
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Lineage-tagging experiments in the kidney indicated that
Lgr5, a multi-tissue stem cell marker, identifies a segment-
specific progenitor population (Barker et al., 2012). Other studies
argue against the existence of renal stem cells. Using a
tamoxifen-inducible Cre line derived from the SLC34a1 locus
(sodium-dependent phosphate transporter), a marker of fully
differentiated epithelial cells, Humphreys and colleagues found
no dilution of the fate marker after injury (Kusaba and Hum-
phreys, 2014), suggesting that regeneration of the proximal
tubule might occur without stem cells.
In this study, we aimed to identify progenitor cells in the kidney
using the in vitro limiting dilution method and in vivo lineage
tracing. Our results indicate that Sox9-expressing cells have
proliferation and multi-lineage differentiation capacity in vitro
and expand after injury. Deletion of Sox9 in the mouse kidney re-
sulted in failed regeneration and increased fibrosis development,
indicating that Sox9 plays a functional role in the kidney.
RESULTS
Isolation of Cells with Progenitor Properties fromMouse
Kidneys
We aimed to identify stem/progenitor cells in the kidney based
on their proliferative and differentiation potentials using a limiting
dilution method. We made single-cell suspensions from mouse
kidneys and used high concentration serum and epidermal
growth factor (EGF) to enrich the culture. Morphologically, the
initial culture was relatively heterogeneous (Figures 1A and 1B),
but we continued to subculture cells by selecting for a subpop-
ulation with high proliferating potential. After 3 weeks, the cells
showed more homogenous morphology (Figures 1A and 1B),
which was maintained thereafter. Throughout the culture, cells
underwent an average of 66.1 doublings and produced 2.6 3
1029 cells (Figure 1C; Figure S1A), indicating that these cells
had high proliferative capacity, a key feature of stem/progenitor
cells. To prove that these cells have stem cell properties, we
differentiated them into adipogenic, osteogenic, or chondro-
genic lineages (Figure S1B). Molecular characterization indi-
cated enrichment for Cd133, Sox9, Lgr4, Foxd1, and Pax8
(Figure 1D) expression. We did not observe increased enrich-
ment for Lgr5, Pax2, and Six2 (critical kidney developmental
transcriptional factors) or common mesenchymal stem cell
markers such as Scf, C-kit, Cd90, and Cd105 (Figures 1E and
1G). These results suggest that the isolated cells have progenitor
cell-like properties, including proliferative and differentiation
potential in vitro, as well as expression of progenitor cell makers.
As Sox9 is known to play a role in kidney development (Regi-
nensi et al., 2011), we focused our attention on this marker.
In order to identify cells originating from a Sox9-positive
progeny, we performed lineage tracing using the Sox9IRESCre
and Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP). We found that 6%
of cells were Sox9 positive at birth, and by day 42, more than
70% of the kidney cells originated from a Sox9-positive popula-(H) Quantification of GFP-positive cells in non-inducible Sox9IRESCre-Gt(ROSA)2
(I) Double immunostaining of GFP and LTL (marker of proximal tubule), calbin
non-inducible Sox9IRESCre-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP) mice at 6 week
All data are presented as means ± SEM and analyzed by Student’s t test. Scale
Ction (Figures 1F and 1G). Using segment-specific markers and
double labeling, we found that Sox9-positive cells contributed
to proximal tubule, loop of Henle, and distal tubule segments
(Figure 1H), but glomeruli and collecting duct segments did not
co-localize with the Sox9 lineage-tagging marker. These results
indicate that with the exception of collecting duct and golmerular
epithelial cells, all epithelial cells in the kidney are descendents of
Sox9-positive cells.
Sox9 Expression Reemerges following Acute Kidney
Injury
The kidney has an excellent ability to regenerate after acute
injury; therefore, we first examined expression of different
markers in mouse models of a folic-acid (FA)-induced kidney
injury (FAN) model (Kang et al., 2015; Tao et al., 2014). In com-
parison to other markers, Sox9 expression increased the earliest
(day 1) (Figure 2A), while Cd133, Foxd1, Lgr4, and Pax8 levels
only increased 2 or 3 days after FA injection (Figures 2B–2E).
The increase in Sox9 level was also greater than in the other
markers. Sox9 expression preceded the expression of prolifera-
tion markers such as Ccna2, Ccnab1, Ccnd2, and Ccne1 (Fig-
ure 3A). Immunostaining studies confirmed increased protein
expression of Sox9 in the FAN model (Figure 2F). We identified
Sox9-positive cells in LTL (lotus lectin)- and PNA (peanut agglu-
tinin)-positive tubule, but not in DBA (Dolichos biflorus agglu-
tinin)-expressing tubule segments, indicating that all tubule
segments except collecting duct cells were Sox9 positive
(Figure 2G). We observed a similar expression pattern upon
analyzing the ischemia/reperfusion injury (IRI) model of kidney
injury and regeneration (Figures S2A–S2G). Immunostaining
studies also confirmed increased protein expression of Sox9 in
the IRI model (Figure S2F).
We also examined Sox9 expression during embryogenesis
(Figure S3). Sox9 was expressed in the early stages of kidney
development (Figure S3B), and its expression decreased after
birth (Figures S3A, S3C, and S3D). To test whether Sox9-positive
cells have stem/progenitor properties in vivo, we examined pro-
liferative and differentiation capacities of Sox9-positive cells. We
found that proliferating cells were enriched for Sox9 (Figures 3B
and 3C). We found that the vast majority of Sox9-positive cells
(85%) were positive for Ki67, a proliferation marker, indicating
that Sox9-positive cells are the predominant proliferative cell
population after injury (Figures 3B and 3C). In summary, our
in vivo studies indicated an early and substantial increase in
Sox9 levels and proliferation of Sox9-positive cells after injury.
Sox9-Positive Cells Expand following Kidney Injury
To test whether Sox9-expressing cells proliferate, expand,
and generate tubule segments following injury, key character-
istics of progenitor cells, we performed tamoxifen-inducible
genetic lineage tracing using Sox9 CreERT2 mice and Gt(ROSA)
26Sortm4(ACTB-tdTomato,-EGFP) mice. This model allowed us to
differentiate between cells that are daughter cells of resident6Sortm4(ACTB-tdTomato,-EGFP) mice.
din (marker of distal tubule), and aquaporin 2 (marker of collecting duct) in
s of age.
bar, 20 mm. *p < 0.05.
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Figure 2. Sox9 Expression Reemerges following Acute Kidney Injury
(A–E) Relative transcript levels of Sox9 (A), Cd133 (B), Foxd1 (C), Lgr4 (D), and Pax8 (E) in kidneys of mice injected with FA (FAN) or sham 2 hr to 7 days following
the injection.
(F) Representative images of Sox9 immunostaining of mouse kidney samples. Animals were injected with sham (CTL) or with 250 mg/kg FA and sacrificed 7 days
later.
(G) Double immunostaining of Sox9 (red) with LTL (a marker of proximal tubule; green), PNA (marker of loop of Henle/distal tubule), or DBA (a marker of collecting
duct) 7 days after FA injection.
All data are presented as means ± SEM and analyzed by Student’s t test. Scale bars, 20 mm. *p < 0.05, compared to control.
864 Cell Reports 14, 861–871, February 2, 2016 ª2016 The Authors
A B
C
D
E
Figure 3. Sox9-Expressing Cells Proliferate
and Expand following Injury
(A) Quantitative real-time PCR analysis of tran-
scripts of cycline family genes (Ccna2, cycline a2;
Ccnb1, cycline b1; Ccnd2, cycline d2; Ccne1,
cycline e1) in control and FAN mice.
(B) Percent of Ki67-positive cells in Sox9-ex-
pressing cells (left) and Sox9-positive cells in
proliferating Ki67-expressing cells (right).
(C) Representative double immunofluorescence
staining images of Sox9 (green) and Ki67 (red) in
control and FAN-injected mice.
(D) Representative images of GFP (red), Ki67
(green) and DAPI (blue) in inducible Sox9 CreERT2-
Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP) mice in-
jected with sham or FA.
(E) Percent Ki67-positive cells in GFP-labeled cells
in control and FA-injected kidneys.
All data are presented as means ± SEM and
analyzed by Student’s t test. Scale bars, 20 mm.
*p < 0.05, compared to control.Sox9-positive cells and those that are labeled following re-
expression of Sox9 in our injury models (Figure 4A).
Contribution to different tubule segments following regen-
eration is another key characteristic of stem cells. Using the
Sox9CreERT2 mice and Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)
mice, we followed Sox9-positive cells in the FAN model (Figures
4B and 4C). We found that approximately 23% of cells originate
from Sox9-positive progenitors 1 week after FA injection, and
this number increased to 42% at 4 weeks, 58% at 12 weeks,
and 64%at 20 weeks (Figures 4B and 4C). These results indicate
that Sox9-positive cells expand and differentiate into tubule
epithelial cells after injury. These observations were not limited
to the FAN model, as similar results were obtained in the IRI
model (Figures S4A and S4B). To assess the contribution of
Sox9-positive cells to tubule segment regeneration, we per-Cell Reports 14, 861–871formed co-immunostaining of the lineage
tag (GFP) and tubule-segment-specific
markers. GFP-positive Sox9-derived
cells were also labeled with proximal tu-
bule marker LTL (Figure 5A), indicating
that regenerating proximal tubules origi-
nate from a Sox9-positive cell compart-
ment. We found co-expression of GFP
with calbindin, a distal tubule marker
(Figure 5B), and PNA, a loop of Henle/
distal tubule marker (Figure 5C).
Conversely, there was no overlap be-
tween GFP-positive cells and AQP2, a
collecting duct marker (Figure 5D), and
glomerular epithelial cells remained
negative for GFP.
To test whether Sox9-derived cells
proliferate following injury, we performed
double immunostaining with GFP and
Ki67, a marker of proliferation. Using
this method, we found that approximately
70% of Ki67-positive cells were also GFPpositive, compared to 7%–8%at baseline (Figures 3D and 3E). In
summary, we found that, following FA injury, Sox9-positive cells
not only proliferate but also expand and differentiate into prox-
imal tubule, loop of Henle, and distal tubule segments, but not
into collecting duct, indicating that they act as segment-specific
progenitors.
Sox9-Positive Cells Show Progenitor/Stem Cell
Properties In Vitro
To examine the proliferation and differentiation capacity of
Sox9-positive cells, we isolated these cells from Sox9CreERT2
and Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP) double-positive mice
(following sham and FA injection) by immunomagnetic bead
sorting. We found that Sox9-positive cells maintained higher
Sox9, Lgr4, and Cd133 expression levels after FA-induced, February 2, 2016 ª2016 The Authors 865
AB
C Figure 4. Sox9-Positive Cells Expand after
Injury
(A) Generation of tamoxifen-inducible Sox9
CreERT2-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)
mice for genetic lineage tracing.
(B) Quantification of GFP-expressing cells (of Sox9
progeny) 1, 4, 12, or 20 weeks after sham or FA
injection. CTL, control.
(C) Representative images of kidney sections of
sham- or FA-injected mice.
All data are presented as means ± SEM and
analyzed by Student’s t test. Scale bars, 20 mm. *p <
0.05, compared to control.kidney injury (Figures S5A and S5B), as well as enrichment for an
injury marker (Havcr1 or Kim1; Figure S5B), even at baseline
without injury. On the other hand, collagen expressions were
lower in the Sox9-positive population compared to the negative
population (Figure S5C). Additionally, Sox9-positive cells were
enriched for Notch (Jagged1) and Wnt (Wnt4,9) ligand expres-
sion (Figures 6A and 6B), as well as Notch (Hey1, Hes1, Hess5)
and Wnt (Axin) target genes, likely indicating active Notch and
Wnt signaling. (Figures 6A and 6B). Furthermore Sox9-positive
cells had higher expression of proliferation markers such as
Ccna2 and Ccnb2 (Figure S5D). In vitro, Sox9-positive cells
showed increased mesenchymal morphology and clonal expan-
sion capacity after 2weeks of culture at very low cell density (Fig-
ure 6C) compared to Sox9-negative cells. They underwent an
average of 95.8 doublings and produced 9.0 3 1042 cells (Fig-
ures S6A and S6B), which was higher than the number for
the unsorted renal progenitor cells (Figure 1C). Sox9-positive
cells (three passages) cultured in adipogenic medium for
2 weeks showed intense cytoplasmic staining for Oil Red O,
indicating lipid accumulation (Figure 6D), and expression of
adipogenic markers (Figure 6E). After 2 weeks of culturing in
osteogenic medium, Sox9-positive cells were positive for
von Kossa stain (Figure 6F), an osteogenic-specific stain,
and expressed Col1, Runx2, and Bglap transcripts (Figure 6G).
Sox9-positive cells cultured in chondrogenic medium for
3 weeks showed chondrocyte-specific Alcian blue staining
(Figure 6H) and expressed high levels of chondrogenic differ-
entiation markers (Figure 6I). Furthermore, we were able to866 Cell Reports 14, 861–871, February 2, 2016 ª2016 The Authorsdifferentiate these cells into tubule
epithelial cells using a combination of
Wnt4, ActivinA, BMP7, and vitamin D
(Kim and Dressler, 2005; Morizane
et al., 2014; Vigneau et al., 2007).
After 3 weeks of culturing in this medium,
we found increased expressions of tu-
bule epithelial markers, including E-cad-
herin, aquaporin 1, N-cadherin, and
calbindin, but not aquaporin 2 (a collect-
ing duct marker), which echoes the re-
sults of our in vivo studies (Figure 6J).
Expression of cadherin, Wt1, and aqua-
porin1 were also confirmed in these cells
(Figure 6K). These results suggest that,
in vitro, Sox9-positive cells act as pro-genitor cells, with high proliferative capacity and multi-lineage
differentiation properties.
Sox9-Positive Cells Contribute to Kidney Regeneration
after Injury
To test whether Sox9-positive cells both functionally contribute
and are necessary for regeneration following injury, we gener-
ated mice with tubule-specific deletion of Sox9 by using a doxy-
cycline-inducible conditional knockout mouse model. Because
Sox9-positive cells also express Pax8 (Figure 7A), we used a
Pax8rtTA-driven system to delete Sox9 in tubules. We bred
Sox9flox/flox mice with Pax8rtTA-TetOcre mice and placed them
on a doxycycline-containing diet. This led to tubule-specific
deletion of Sox9 (Figures S7A and S7B), which also confirmed
that the Sox9 cells were positive for Pax8. Pax8rtTA-TetO-Cre-
Sox9flox/flox mice developed more severe injury after FA injection
than control mice injected with FA, as shown by Periodic Acid
Schiff (PAS)-stained kidney section (Figure 7B). Fibronectin,
collagen 1a, and collagen 4a were markedly increased (Fig-
ure 7C) in Pax8rtTA-TetO-Cre-Sox9flox/flox animals. We found
that expression of cyclines a2, b1, d2, and e1 were remarkably
decreased in FA-injected, Sox9-deficient kidneys compared to
control FAN-treated mice (Figure 7D). Serum creatinine levels
were also significantly higher in FA-injected Pax8rtTA-TetOcre-
Sox9flox/flox mice compared to control animals (Figure 7E).
Later time points (4 weeks; Figures S8A–S8D, 12 weeks;
Figures 7F–7I) after FA injection showed identical results. In
summary, deletion of Sox9 resulted in decreased epithelial
Figure 5. Sox9-Positive Cells Contribute to Regeneration of Multiple
Tubule Segments
(A–D) Double immunostaining images of kidney section of GFP (Sox9 line-
age marker) and tubule segment markers in tamoxifen-inducible Sox9
CreERT2-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP) mice injected with sham or FA
2 weeks after injury. (A) LTL, a proximal tubule marker; (B) calbindin, a distal
tubule marker; (C) PNA, a loop of Henle/distal tubule; and (D) Aquaporin 2
(AQP2) were used for double labeling. Scale bars, 20 mm. CTL, control.proliferation (and, likely, expansion) and severe fibrosis develop-
ment in the kidney, indicating that Sox9-positive cells play a role
in regeneration.
Increasing Notch Expression in the Sox9-Positive Cell
Compartment Enhances Regeneration
Our analysis indicated high Wnt and Notch expression in the
Sox9-positive progenitor population (Figures 6A and 6B). Previ-
ous studies also suggested high Wnt and Notch expression
in renal progenitor cells (Rinkevich et al., 2014). Therefore,
we next examined whether Notch plays a functional role inCthe Sox9-positive population. We used a tamoxifen-inducible
transgenic system by intercrossing Sox9 CreERT2 mice with
Gt(ROSA)26Sortm1(Notch1)Dam animals. We found that, 1 week
after FA injection, up to 20% of tubule cells in these mice (Fig-
ures S9A and S9B) originated from this Sox9-positive popula-
tion. The Sox9 CreERT2-Gt(ROSA)26Sortm1(Notch1)Dam mice also
showed improvement in renal histology after FA injection
compared with control mice injected with FA, as shown by
PAS-stained kidney section. Furthermore, quantitative-real-
time-PCR-based quantification of profibrotic molecules (Fig-
ures S9C and S9D) was significantly decreased in this model.
In summary, these results indicate that Notch expression in
the Sox9-positive population plays a functional role in kidney
regeneration, and enhanced Notch expression was associated
with faster repair.
DISCUSSION
In this study, we aimed to identify progenitor cells in the kidney
and examine their role in injury and regeneration. We report
that Sox9 identifies a specific cell population in the kidney with
lineage-restricted progenitor potentials. In vitro, Sox9-positive
cells showed clonogenicity and multi-lineage differentiation
capacity. In vivo, Sox9-positive cells proliferated and expanded
following injury and were able to contribute to proximal tubule,
loop of Henle, and distal tubule segments. Furthermore,
we demonstrate that tubule-specific deletion of Sox9 induced
severe fibrosis over time by limiting tubule epithelial cell
proliferation.
Non-mammalian kidneys house a well-defined stem cell
population. The zebrafish kidney undergoes neonephrogenesis
following injury (Diep et al., 2011). The existence of stem cells in
the mammalian kidney has long been debated. Lineage-
tagging methods indicate that segment-restricted progenitors
might play a key role in regeneration and maintenance. Data
from Barker and colleagues showed that Lgr5-positive cells
were able to generate thick ascending Henle’s loop and distal
convoluted tubules (Barker et al., 2012). Rinkevich and
colleagues demonstrated that Wnt-responsive precursors
in the adult renal clones could generate specific tubule seg-
ments (Rinkevich et al., 2014). Our observations reveal a
Sox9-positive population with high Wnt and Lgr4/5 expression.
These results could indicate a potential overlap between these
populations or could signal an interconversion between the
different stem cell compartments in the kidney (Jain et al.,
2015).
In the kidney, it seems that both segment-specific progeni-
tors and dedifferentiated epithelial cells contribute to epithe-
lial regeneration. Genetic lineage-tracing methods clearly
showed that Sox9, Wnt-responsive, and Lgr5-positive cells
contribute to proximal tubule, loop of Henle, and distal tubule
segment regeneration (Angelotti et al., 2012; Barker et al.,
2012; Harari-Steinberg et al., 2013; Maeshima et al., 2003;
Oliver et al., 2009; Sagrinati et al., 2006). The collecting duct
might contain a separate stem cell population recently identi-
fied by Little (2008). In addition to the stem or progenitor
population, lineage-tracing methods developed by Humphreys
and colleagues highlighted that fully differentiated epithelialell Reports 14, 861–871, February 2, 2016 ª2016 The Authors 867
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BA Figure 6. Sox9-Positive Cells Show High
Proliferative and Multi-lineage Differentia-
tion Potential In Vitro
(A and B) Quantitative real-time PCR analysis of
transcripts of Notch-pathway-related genes (A)
and Wnt-pathway-related genes (B) in Sox9-
negative and -positive fractions derived from
control and FAN mice.
(C) Representative bright-field microscopy images
and crystal violet staining and colony-forming
units (CFU) of Sox9-positive and -negative cells
after third passage.
(D and E) Adipogenic differentiation of Sox9-pos-
itive cells; representative Oil Red O (D) staining
and transcript levels of adipocyte markers (E).
CTL, control.
(F and G) Osteogenic differentiation of Sox9-pos-
itive cells; representative images of von Kossa
staining (F) and transcript levels of osteoblast
markers (G).
(H and I) Chondrogenic differentiation of Sox9-
positive cells; representative images of Alcian blue
staining (H) and transcript levels of chondrocyte
markers (I).
(J) E-cadherin, aquaporin 1, N-cadherin, calbindin,
and aquaporin 2 immunofluorescence images of
Sox9-positive cells cultured in tubular epithelial
cell differentiation medium for 3 weeks.
(K) Relative transcript levels of cadherins in control
and differentiated cells.
All data are presented as means ± SEM and
analyzed by Student’s t test. Scale bars, 20 mm.
*p < 0.05, compared to control.cells repair proximal tubule without contribution from pre-
existing intratubular progenitor cells (Berger et al., 2014; Ku-
saba et al., 2014). This model seems to be similar to the liver,
where regeneration occurs both from differentiated epithelial
cells and from progenitor cells (Yanger et al., 2014). In this
study, Sox9-positive cells also showed segment-specific pro-
genitor properties expressing a high level of Wnt, consistent
with previous reports (Barker et al., 2012; Rinkevich et al.,
2014).
A limitation of our work is that we did not use collecting duct
and podocyte injury models; therefore, we cannot fully exclude
that Sox9-positive cells could contribute to these segments as
well. On the other hand, the developmental expression of Sox9
corroborated responses that we saw after injury.
Understanding pathways that govern regeneration is critically
important, as modulation of these pathways could have a sig-
nificant impact on injury repair. Hemopoetic stem cells can868 Cell Reports 14, 861–871, February 2, 2016 ª2016 The Authorsbe expanded by enhancing Wnt and
Notch expression, increasing engraft-
ment and survival after stem cell trans-
plant (Duncan et al., 2005). It seems
that temporal enhancement of Wnt and
Notch in the renal stem cell compart-
ment might also be beneficial after acute
kidney injury. On the other hand, genetic
models indicate that sustained Notchand Wnt expression could be a key driver of fibrosis and
chronic kidney disease development (Bielesz et al., 2010;
Ding et al., 2012). It would be interesting to study whether
stem cell exhaustion might also contribute to fibrosis develop-
ment in this model. Our studies using genetic deletion of
Sox9 indicate that this might be the case. It is also interesting
to note that the Sox9-positive population was enriched for
an injury marker (Havcr1 or Kim1; Figure S5B), even at
baseline without injury, which might indicate that this popula-
tion actually expands following injury. On the other hand, the
Sox9-positive population was not directly responsible for
fibrosis development, as collagen expression was lower in
the Sox9-positive population when compared to the Sox9-
negative population (Figure S4). These observations show
similarities to recent reports published by McMahon and col-
leagues describing increased expression of Sox9 in kidney
injury models and the contribution of Sox9-positive cells to
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Figure 7. Loss of Sox9 Exacerbates Tubu-
lointerstitial Fibrosis following Injury
(A) Representative double immunofluorescence
staining images of Sox9 (red) and Pax8 (green) in
control mouse kidney sections.
(B) Representative images of PAS and Sox9 im-
munostaining of kidney sections mice injected
with sham or FA 7 days after injury. We used WT
and single transgenic animals as control (CTL and
CTL FA), as well as Pax8rtTA-TetOcre-Sox9 f/f
transgenic mice treated with FA (Sox9f/f FA).
Doxy, doxycycline.
(C and D) Relative transcript levels of fibrosis
markers (C) and proliferation-associated markers
(D) in control (CTL), control with FA-treated (CTL-
FA), and Pax8 rtTA-TetO cre-Sox9 f/f with FA-in-
jected (Sox9 f/f FA) mice.
(E) Serum creatinine levels of CTL, CTL FA, and
Pax8 rtTA-TetO cre-Sox9 f/f with FA-injected
(Sox9 f/f FA) mice.
(F) Representative PAS-stained images of kidney
sections of sham-injected and FA-injected ani-
mals 12 weeks after injury.
(G and H) Relative transcript levels of fibrosis
markers (G) and proliferation-associated markers
(H) in control mice (CTL), control with FA-treated
(CTL-FA), and Pax8 rtTA-TetO cre-Sox9 f/f with
FA-injected (Sox9 f/f FA) mice.
(I) Serum creatinine levels in CTL, CTL FA, and
Pax8 rtTA-TetO cre-Sox9 f/f FA mice.
All data are presented as means ± SEM and
analyzed by Student’s t test. Scale bars, 20 mm.
*p < 0.05, compared to control; +p < 0.05,
compared to control with FA-treated mice.kidney regeneration using different mouse kidney injury models
(Kumar et al., 2015).
In conclusion, we identified Sox9 as a segment-specific
progenitor cell in the regenerating kidney. We also provided
evidence that Sox9-expressing cells proliferate, expand, and
contribute to differentiate into proximal tubule, distal tubule,
and loop of Henle segments to replace the damaged tissue
in acute kidney injury. Identification of this new marker in regen-
erating kidney could facilitate further studies on the cellular
and molecular processes involved in tubule maintenance and
repair.
EXPERIMENTAL PROCEDURES
Antibodies and Reagents
The following antibodies and reagents were used: Sox9 (Sigma, #SAB4502834
and #WH0006662M2), Pax8 (Abcam, #ab13611), Ki67 (Sigma, #
SAB4501880), LTL (Vector Laboratories, #FL-1321), DBA (Vector Labs,Cell Reports 14, 861–871#FL-1031), PNA (Vector Labs, #FL-1071), E-cad-
herin (Cell Signaling Technology, #31955), N-cad-
herin (Cell Signaling, #4061), aquaporin 1 (Abcam,
#ab11025), aquaporin 2 (Abcam, #ab62628),
calbindin (Abcam #ab11426), FBS (Atlanta Biolog-
icals), EGF, Wnt4, Activin A, BMP7 TGFb3
(Peprotech), hydrocortisone and dexamethasone
(Sigma), RPMI 1640, penicillin-streptomycin and
ITS (insulin-transferrin-selenium; Cellgro), andcollagenase I (Worthington Biochemical), as well as 100-mm mesh (Fisher-
brand) and doxycycline-containing chow (Bioserv S3888).
Animals
Male FvB mice, Sox9CreERT2, Sox9tm3(cre)Crm, Sox9tm2Crm(Sox9flox), Gt(ROSA)
26Sortm4(ACTB-tdTomato,-EGFP), and Gt(ROSA)26Sortm1(Notch1)Dam mice were pur-
chased from Jackson Laboratory (Jax strains: 018829, 016806, 013106,
007576, and 008159, respectively). Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)
mice express the tdTomato (red) fluorescent protein under the beta actin pro-
moter. Under Cre-mediated recombination, the Tomato and the STOP codon
are excised and the EGFP is expressed in these animals. The Gt(ROSA)
26Sortm1(Notch1)Dam mice contain a sequence encoding an intracellular portion
of the mouse Notch1 gene and GFP inserted into the GT(ROSA)26Sor locus.
Expression of Notch1 and GFP is blocked by a loxP-flanked STOP codon.
Following Cre-mediated recombination, Notch is expressed in a cell-type-spe-
cific manner. Sox9CreERT2 animals express a ligand-dependent chimeric Cre
recombinase under the Sox9 promoter. Cell labeling only occurs at the
time of tamoxifen injection, but daughter cells retain label, as the genetic
recombination cannot be reversed in the nucleus. Transgenic mice were iden-
tified by genomic PCR analysis. Only 5- to 8-week-old male mice were used in, February 2, 2016 ª2016 The Authors 869
the study. Mice were injected with tamoxifen dissolved in corn oil (100 mg/kg
daily three to four times) and/or FA (250 mg/kg once, dissolved in 300 mM
NaHCO3) intraperitoneally. Animal studies were approved by the Animal
Care Committee of the University of Pennsylvania.
Primary Culture of Renal Tubule Cells
Kidneys were collected from mice (males, 3–5 weeks old). Cells were iso-
lated by 2 mg/ml collagenase I digestion for 30 min at 37C with gentle stir-
ring. Cells were then filtered through the 100-mm mesh to isolate single cells.
Cell suspensions were cultured in RPMI 1640 supplement with 10% fetal
bovine serum (FBS), 20 ng/ml EGF, and 1% penicillin-streptomycin at 5%
CO2, at 37
C. After 7–8 days, cells (at 80% confluence) were detached using
0.5% Trypsin-EDTA and passaged. The cumulative population doubling with
each subculture was calculated with the formula 2X = NH/NI, where NI is the
seeded cell number, NH is the cell harvest number at confluence (>80%),
and X is population doubling. The calculated population doubling was then
added to the previous population doubling level to yield the cumulative pop-
ulation doubling level.
Cell Sorting Using Immunomagnetic Beads
We generated single-cell suspensions from Sox9 CreERT2/Gt(ROSA)
26Sortm4(ACTB-tdTomato,-EGFP) double-positive mice using anti-GFP antibody
and MACS columns (Miltenyi Biotec).
Quantitative Real-Time PCR
RNAwas isolated using RNeasyMini Kit (QIAGEN). 1 mgRNAwas reverse tran-
scribed using cDNA archival kit (Life Technology), and quantitative real-time
PCR was conducted in the ViiA 7 System (Life Technology) machine using
SYBRGreen Master Mix. The data were normalized and analyzed using the
delta/delta CT method. Primers used are listed in Table S1.
Colony-Forming Unit Assay
Sox9-positive or -negative cells (13 103 cells) were plated onto coverslips on
six-well culture dishes. On day 7, cells were fixed with methanol and stained
using crystal violet staining solution (5min at room temperature). After washing
and mounting, colonies between 1 and 8 mm in diameter (more than 20 cells)
were counted.
Assessment of Multi-lineage Differentiation Potential
To induce adipogenic differentiation, cells (at passage 3) were cultured in
an adipogenic medium consisting of RPMI-1640, 10% FBS, 1 mM dexa-
methasone, 0.5 mM 3-isobutyl-1-methylxanthine, 0.05 mg/l human insulin,
and 60 mM indomethacin. After 14 days of culture, cells were stained using
Oil Red O for the presence of intracellular lipid droplets, indicative of adipo-
cytes. To induce osteogenic differentiation, cells were cultured in RPMI-
1640, 10% FBS, 0.1 mM dexamethasone, 100 mM b-glycerol phosphate,
and 50 mM ascorbic acid-2-phosphate. After 14 days of culture, cells
were stained using von Kossa staining to assess calcium accumulation
(mineralization), indicating osteogenic differentiation. To induce chondro-
genic differentiation, cells were cultured in a chondrogenic medium consist-
ing of DMEM high glucose (DMEM-HG), 0.1 mM dexamethasone, 50 mg/ml
ascorbic acid-2-phosphate, 100 mg/ml sodium pyruvate, 40 mg/ml proline,
10 ng/ml transforming growth factor b3, 13 ITS, and 1.25 mg/ml BSA. After
21 days of culture, cells were stained with Alcian blue to evaluate chondro-
genic differentiation.
Differentiation of Sox9-Positive Cells into Tubule Epithelial Cells
In Vitro
Sox9-positive cells were plated on 24-well dishes (at 5 3 103 cells per well).
During the first week of culture, the cells were grown in DMEM/F12 supple-
mented with 10% FBS, 13 ITS, 100 ng/ml hydrocortisone, 20 ng/ml EGF,
100 nM dexamethasone, 5 mM all-trans retinoic acid (ATRA) and 10 ng/ml
Wnt4. During the next 2 weeks, they were cultured in DMEM/F12 supple-
mented with 10% FBS, 13 ITS, 100 ng/ml hydrocortisone, 20 ng/ml EGF,
100 nM dexamethasone, 5 mM ATRA, 10 nM vitamin D, 10 ng/ml activin A,
and 20 ng/ml BMP7. Tubulogenic differentiation was assessed by expression
of E-cadherin, N-cadherin, aquaporin 1, calbindin, and aquaporin 2.870 Cell Reports 14, 861–871, February 2, 2016 ª2016 The AuthorsStatistical Analyses
The data are presented as means ± SEM. Unpaired Student’s t test was used
for comparisons between two groups. We used one-way ANOVA with Tukey’s
post hoc tests to compare multiple groups. A p value < 0.05 was considered to
be significant.
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